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ABSTRACT
We present morphological properties of dusty star-forming galaxies at z =1−3 determined with
the high-resolution (FWHM∼0.′′19) Atacama Large Milllimeter/submilimeter Array (ALMA) 1-mm
map of our ASAGAO survey covering a 26-arcmin2 area in GOODS-S. In conjunction with the
ALMA archival data, our sample consists of 45 ALMA sources with infrared luminosity LIR range of
∼ 1011 − 1013L⊙. To obtain an average rest-frame far-infrared (FIR) profile, we perform individual
measurements and careful stacking of the ALMA sources using the uv-visibility method that includes
positional-uncertainty and smoothing-effect evaluations through Monte-Carlo simulations. We find
that our sample has the average FIR-wavelength Se´rsic index and effective radius of nFIR = 1.2± 0.2
and Re,FIR =1.0−1.3 kpc, respectively, additionally with a point-source component at the center, in-
dicative of the existence of AGN. The average FIR profile agrees with a morphology of an exponential-
disk clearly distinguished from a deVaucouleurs-spheroidal profile (Se´rsic index of 4). We also examine
the rest-frame optical Se´rsic index nopt and effective radius Re,opt with deep Hubble Space Telescope
(HST) images. Interestingly, we obtain nopt = 0.9±0.3 (≃nFIR) and Re,opt = 3.2±0.6 kpc (> Re,FIR),
suggesting that the dusty disk-like structure is embedded within a larger stellar disk. The rest-frame
UV and FIR data of HST and ALMA provide us a radial profile of the total star-formation rate
(SFR), where the infrared SFR dominates over the UV SFR at the center. Under the assumption
of a constant SFR, a compact stellar distribution in z ∼1−2 compact quiescent galaxies (cQGs) is
well reproduced, while a spheroidal stellar morphology of cQGs (nopt = 4) cannot, suggestive of other
important mechanism(s) such as dynamical dissipation.
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1. INTRODUCTION
The size and morphology of high-redshift galaxies pro-
vide us invaluable insights into galaxy evolution and for-
mation. The Se´rsic index n (Se´rsic 1963, 1968) and the
effective radius Re are key quantities to evaluate the size
and morphological properties.
In the rest-frame ultra-violet (UV) to optical wave-
lengths, the Hubble SpaceTelescope (HST) has re-
vealed the n and Re properties for the high-
redshift galaxies up to z ∼ 6 and even z ∼
10, respectively (e.g., Shen et al. 2003; Ferguson et al.
2004; Hathi et al. 2008; Oesch et al. 2010; Ono et al.
2013; van der Wel et al. 2014; Shibuya et al. 2015;
Bowler et al. 2017; Kawamata et al. 2015, 2018). These
HST studies show that star-forming and quiescent galax-
ies have an exponential-disk morphology with a Se´rsic
index in the rest-frame optical wavelength nopt ∼ 1 and
a spheroidal morphology with nopt ∼ 4, respectively.
Moreover, the quiescent galaxies are more compact than
the star-forming galaxies at a given stellar mass. These
HST results indicate that the transition from star form-
ing to quiescent galaxy may be associated with trans-
formation in both size and morphology. However, the
rest-frame UV and optical studies cannot unveil the ac-
tively star-forming regions obscured by dust. Due to an
extreme star formation rates in these dusty star-forming
galaxies, the stars formed may eventually dominate over
the stars already present in the host galaxies. Studies
of the morphology and size in the rest-frame far-infrared
(FIR) wavelength are thus important to comprehensively
understand the evolutionary connections between the
high-z star-forming and compact quiescent galaxies.
The Atacama Large Millimeter/submillimeter Array
(ALMA) enables us to measure n and Re in the rest-
frame FIR wavelength, nFIR and Re,FIR, due to its high
sensitivity and angular resolution. For bright submil-
limeter galaxies (SMGs; S1mm & 1 mJy), recent ALMA
studies report that SMGs have the exponential-disk mor-
phology with nFIR = 0.9 ± 0.2 (Hodge et al. 2016),
and Re,FIR of ∼ 1 − 2 kpc (e.g., Ikarashi et al. 2015;
Simpson et al. 2015; Hodge et al. 2016; Fujimoto et al.
2017) smaller than Re in the rest-frame optical wave-
length Re,opt of ∼ 3 − 4 kpc (e.g., Targett et al. 2011,
2013; Chen et al. 2015; Fujimoto et al. 2017). For faint
SMGs (S1mm < 1 mJy), although there are several
attempts to estimate Re,FIR by using deep ALMA
imagings (Rujopakarn et al. 2016; Gonza´lez-Lo´pez et al.
2017; Fujimoto et al. 2017), large uncertainties still re-
main due to the small number statistics and observa-
tional challenges.
There are two major observational challenges to mea-
sure nFIR and Re,FIR for faint SMGs. First is the sensi-
tivity. To perform a secure profile fitting, high signal-to-
noise (S/N) level is required. Extremely deep observa-
tions are thus needed. Second is the angular resolution.
Fujimoto et al. (2017) report a positive correlation be-
tween the FIR size and luminosity, which suggests that
faint SMGs are more compact than bright SMGs. To
resolve the compact objects, we need high angular reso-
lution.
In this paper, we perform nFIR and Re,FIR measure-
ments for faint SMGs via the stacking technique on
the uv-visibility plane, utilizing ALMA sources identi-
fied in the high-resolution (∼0.′′19) ALMA 1mm sur-
vey of ASAGAO: ALMA twenty-Six Arcmin2 survey of
GOODS-S at One-millmeter (PI: K. Kohno). In con-
junction with individual bright SMG results from the
archive, we study the averagemorphology of high-z dusty
star-forming galaxies. The structure of this paper is as
follows. In Section 2, the observations and the data re-
duction are described. Section 3 outlines the method
of source detections, flux density and position measure-
ments, multi-wavelength properties of our sample, the
stacking process, and the nFIR and Re,FIR measurements.
We report the results for nFIR, Re,FIR, nopt, Re,opt, and
morphological classification for the dusty star-forming
galaxies as a function of LIR in Section 4. In Section
5, we discuss possible origins of a compact component
at the center and evolutions of the size and morphol-
ogy from star-forming to compact quiescent galaxies. A
summary of this study is presented in Section 6.
Throughout this paper, we assume a flat universe with
Ωm = 0.3, ΩΛ = 0.7, σ8 = 0.8, and H0 = 70 km
s−1 Mpc−1. We use magnitudes in the AB system
Oke & Gunn (1983). We perform the morphology diag-
nostic basically based on the Sersic index n with a single
Se´rsic profile, while we examine the detail morphological
classification with deep HST/H-band images in Section
4.4. We adopt the Re values that are circularized by
Re = re,maj ×
√
q , (1)
where re,maj and q are the half-light radius along the
semi-major axis and the axis ratio, respectively.
2. DATA AND REDUCTION
In September 2016, the ASAGAO survey carried out
ALMA Band 6 observations over an area of ∼26 arcmin2
in The Great Observatories Origins Deep Survey South
(GOODS-S; Vanzella et al. 2005) with a total observing
time of 45 hours (ALMA project ID: 2015.1.00098.S, PI:
K. Kohno; see also Ueda et al. 2017). The array con-
figuration was C40-6 with 38−45 antennas whose base-
line length takes a range of 15−3247 m. The frequency
setting was such that in the two tunings centered at
1.14 mm and 1.18mm, where the frequency coverages
were 244−248 GHz, 253−257 GHz, 259−263 GHz, and
268−272 GHz.
The data were reduced with the Common Astronomy
Software Applications package (CASA; McMullin et al.
2007). The details of the data calibration and reduction
are described in Hatsukade et al. (in prep.). The en-
tire map was produced by the CLEAN algorithm with
the tclean task. The CLEAN boxes were set at the
peak pixel positions with S/N ≥ 5 in the manual mode.
For the CLEAN box, we adopt a circle with a radius
of 1.′′0. The CLEAN routines were proceeded down to
the 2σ level. The final natural-weighted image is char-
acterized by a synthesized beam size of 0.′′21× 0.′′17 and
an rms noise level of 38 µJy/beam. We also produced
another map with a uv-taper of 160 kλ whose final syn-
thesized beam size is 0.′′94 × 0.′′67 and rms noise level is
87 µJy/beam. We refer to the natural-weighted (high-
resolution) and the uv-tapered (low-resolution) images
as ”HR” and ”LR” maps, respectively. In the following
analyses, we use the HR map except for source detections
and positional measurements in Section 3.1 and Section
3.2.
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3. DATA ANALYSIS
3.1. Source Detection and Catalog
We conduct source extractions for our ASAGAO map
before primary beam correction. We select the peak pixel
values above 3.5σ levels. Here we use the LR map to
improve the surface brightness sensitivity, because pre-
vious ALMA high-resolution studies show that the dust
emission from the high-z star-forming galaxies are well
resolved with the angular resolutions similar to the HR
map (e.g., Hodge et al. 2016; Tadaki et al. 2017a). We
obtain 631 source candidates with the peak above the
3.5σ levels.
To identify reliable ALMA sources from the 631
source candidates, we carry out the following two steps.
First, we select the ALMA sources that have opti-
cal to near-infrared (NIR) objects within a radius of
0.′′5 in the ZFOURGE catalog (Straatman et al. 2016).
If the ALMA source is largely extended, we adopt a
larger radius up to the half-light radius of the ALMA
source. Note that recent ALMA studies show that
there is a systematic astrometric offset in GOODS-S
(Rujopakarn et al. 2016; Dunlop et al. 2017). For source
centers in the ZFOURGE catalog, we apply a correc-
tion of −0.′′086 in RA and +0.′′282 in Dec with respect
to the ALMA image before the above procedure, which
are calibrated by stars in the Gaia Data Release 1 cata-
log (Gaia Collaboration 2016) within the ASAGAO map.
We identify 87 out of 631 ALMA sources that have
nearby optical-NIR objects. Second, we derive the ex-
pected flux density at ALMA Band 6 for the optical-NIR
objects from the multi-wavelength spectral energy dis-
tribution (SED) fitting with magphys (da Cunha et al.
2008). If the expected flux density is consistent to the to-
tal flux density of the ALMA source within 3σ levels, we
regard the optical-NIR object as a reliable optical-NIR
counterpart of the ALMA source. We describe the total
flux density measurements and the SED fitting in Section
3.2 and Section 3.3. We find that 42 out of 87 ALMA
sources have reliable optical-NIR counterparts, which we
refer to as the ASAGAO catalog. Note that the num-
ber density of the ZFOURGE sources in our ASAGAO
map provides us the probability of the chance projection
(P -value; Downes et al. 1986) in the first step as ∼0.03,
which indicates that ∼19 (= 631×0.03) out of 87 nearby
optical-NIR objects are originated from the chance pro-
jection. The rejected number in the second step of 45
(= 87 − 42) is much larger than 19, indicating that the
ASAGAO catalog maintains a high purity of the real
sources. The ASAGAO catalog is summarized in Table
1. The details of the selection process are presented in
Yamaguchi et al. (in prep.).
3.2. Flux and Position Measurement
For the flux density and the noise evaluations, we
use aegean (Hancock et al. 2012) which performs a
two-dimensional elliptical Gaussian fitting on the image
plane. If the integrated flux density is smaller than the
peak flux density, we adopt the peak flux density. Oth-
erwise, we adopt the integrated flux density. The back-
ground and noise are estimated with the BANE package
that conducts the 3σ clipping in the signal map, eval-
uates the standard deviation in a sparse grid of pixels,
and then interpolates to make a noise image. We ob-
tain flux densities of our ASAGAO sources in the range
of ∼0.3−2.3 mJy that are listed in Table 1. To test
the reliability of our flux measurements, we compare the
flux measurements of our ASAGAO sources that are also
identified with other ALMA Band 6 surveys in GOODS-
S (Walter et al. 2016; Dunlop et al. 2017; Franco et al.
2018). We find that the flux measurements are well con-
sistent to other ALMA surveys within the errors. The
details of the flux and noise measurements and the com-
parison with other ALMA Band 6 surveys are described
in Hatsukade et al. (in prep.).
For the position measurement, we conduct a Monte-
Carlo (MC) simulation to test whether the LR or HR
maps have less positional uncertainty. This is because
the ALMA sources in the HR map may be more signifi-
cantly affected by noise fluctuations due the reduced sur-
face brightness. In the MC simulation, we create 1,000
symmetric artificial sources with a uniform distribution
of total flux densities of 0.3−1.0 mJy and Re with a
range of 0.′′1−0.′′3, where the Re range is determined from
the previous ALMA results (e.g., Ikarashi et al. 2015;
Simpson et al. 2015; Hodge et al. 2016; Fujimoto et al.
2017). We then process the artificial sources in the fol-
lowing five steps. (I) We inject the artificial source in-
dividually into the uv-visibilities of the ASAGAO map
at a random position, and create a LR map around the
artificial source position with a pixel scale of 0.′′01. (II)
We examine whether there is a peak pixel above the 3.5
σ level within a radius of 0.′′5 from the artificial source
center. (III) If the peak pixel is detected, we also create a
HR map with the same pixel scale as that of the LR map.
(IV) We determine the source positions in the LR and the
HR maps by obtaining the peak pixel positions within a
radius of 0.′′5 in both the LR and HR maps. (V) We
obtain the offsets between the peak pixel positions and
the artificial source center in both the LR and HR maps.
We repeat the steps of (I)−(V) 1,000 times, changing the
injected artificial sources in the step (I). Note that we do
not perform a profile fitting to determine the source cen-
ters in the step (IV) because the systematic uncertainties
may be large for the faint objects due to low S/N levels.
The MC simulation results show that the average offset
is ∼0.′′06 in the LR map and ∼0.′′10 in the HR map.
We thus measure the ASAGAO source centers based on
the peak pixel positions in the LR map. We discuss the
potential effect of the positional uncertainty of ∼0.′′06 on
the stacking analysis in Section 3.5.
3.3. Multi-wavelength Properties of Our Sample
The details of the physical properties for the ASAGAO
sources are presented in Yamaguchi et al (in prep.),
and here we briefly summarize the general proper-
ties of the spectroscopic (zspec) and the photomet-
ric redshifts (zphot), the star-formation rate (SFR),
the stellar mass (Mstar), and the IR luminosity (LIR)
of the ASAGAO sources. The values of zspec and
zphot values are obtained from the ZFOURGE cata-
log (Straatman et al. 2016). The redshift distribution
takes the range of z = 0.66−4.36 with median value
of z = 1.97. The SFR, Mstar, and LIR values are de-
rived with magphys (da Cunha et al. 2008) based on
the rich multi-wavelength data of 47 bands from the
rest-frame UV to FIR wavelength in GOODS-S that
include Spitzer/MIPS (Rieke et al. 2004, 24 µm),
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Table 1
Our ASAGAO Source Catalog
ID(ASAGAO) ID(ZFOURGE) R.A.(ALMA) Dec.(ALMA) S/N Stotal zphot (zspec) log(LIR) log(Mstar) log(SFR)
(J2000) (J2000) (mJy) (L⊙) (Mstar) (M⊙/yr)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 17856 53.118798 -27.782886 20.27 2.33±0.11 2.38 (−) 12.76+0.0
−0.0
11.44+0.0
−0.0
2.7+0.0
−0.0
2 13086 53.148854 -27.821189 19.82 2.04±0.1 2.58 (2.582) 12.86+0.0
−0.03
11.69+0.01
−0.0
2.8+0.0
−0.02
3 18658 53.183412 -27.776462 3.94 1.46±0.12 2.83 (−) 12.75+0.0
−0.0
10.91+0.0
−0.0
2.46+0.0
−0.0
4 22177 53.198346 -27.747876 12.01 0.89±0.08 1.93 (−) 12.61+0.01
−0.0
11.34+0.02
−0.0
2.55+0.0
−0.0
5 18645 53.181375 -27.777557 10.63 1.15±0.12 2.92 (−) 12.5+0.0
−0.0
11.52+0.0
−0.0
2.38+0.0
−0.0
6 20298 53.137349 -27.761634 3.90 1.17±0.13 0.52 (0.523) 11.0+0.0
−0.0
10.92+0.0
−0.0
0.62+0.0
−0.0
7 21730 53.121846 -27.752782 8.54 0.79±0.1 2.01 (−) 12.18+0.0
−0.03
11.42+0.01
−0.01
2.01+0.0
−0.05
8 18701 53.160607 -27.776218 7.94 0.65±0.08 2.61 (−) 12.75+0.0
−0.0
10.49+0.0
−0.0
2.58+0.0
−0.0
9 21234 53.196561 -27.757043 7.36 0.45±0.07 2.46 (−) 11.78+0.0
−0.0
10.19+0.0
−0.0
1.28+0.0
−0.0
10 19033 53.131124 -27.773185 7.32 0.64±0.1 2.22 (2.225) 12.42+0.0
−0.0
11.67+0.0
−0.0
2.42+0.0
−0.0
11 14580 53.185853 -27.810041 6.40 0.57±0.1 2.81 (2.593) 11.97+0.0
−0.0 10.97
+0.0
−0.0 2.02
+0.0
−0.0
14 22760 53.199582 -27.742692 6.36 2.93±0.5 2.16 (−) 12.46+0.0
−0.0
11.13+0.0
−0.0
2.06+0.0
−0.0
26 17733 53.143495 -27.783282 5.61 0.91±0.18 1.62 (−) 12.12+0.0
−0.02
11.64+0.0
−0.0
1.88+0.0
−0.02
30 14122 53.119142 -27.814017 4.93 0.66±0.14 3.32 (−) 12.16+0.23
−0.25
10.98+0.07
−0.08
2.0+0.26
−0.26
42 19752 53.168622 -27.770091 4.60 0.46±0.1 2.88 (−) 9.27+0.62
−0.18
9.13+0.0
−0.2
0.43+0.06
−0.02
52 12763 53.169797 -27.824018 4.57 1.23±0.27 2.13 (2.13) 12.18+0.0
−0.0
11.18+0.0
−0.0
2.23+0.0
−0.0
60 20728 53.125299 -27.75958 3.82 0.65±0.15 0.64 (0.647) 10.82+0.09
−0.07
10.26+0.01
−0.05
0.97+0.06
−0.03
66 14700 53.120107 -27.808343 4.44 0.56±0.13 1.83 (−) 12.15+0.0
−0.0
11.78+0.0
−0.0
1.9+0.0
−0.0
67 20694 53.16361 -27.759021 3.80 0.66±0.15 1.06 (−) 11.5+0.14
−0.0
11.42+0.04
−0.0
1.31+0.1
−0.0
72 16039 53.176213 -27.796212 3.79 0.55±0.13 0.95 (0.996) 11.49+0.0
−0.06
10.91+0.06
−0.0
1.59+0.0
−0.05
73 15702 53.166917 -27.79882 4.36 0.76±0.17 1.93 (1.998) 12.47+0.0
−0.0
11.3+0.0
−0.0
2.44+0.0
−0.0
90 19487 53.165582 -27.76987 3.71 0.35±0.08 1.61 (−) 11.98+0.0
−0.0
11.61+0.0
−0.0
1.78+0.0
−0.0
102 21414 53.202184 -27.754991 3.69 0.47±0.11 2.18 (−) 11.63+0.02
−0.14
10.77+0.02
−0.02
1.6+0.01
−0.15
103† 14146 53.182012 -27.814195 3.51 0.32±0.07 9.49 (−) − − −
113 13714 53.141667 -27.816646 4.30 0.81±0.19 2.53 (−) 12.11+0.06
−0.04
11.43+0.05
−0.0
1.98+0.02
−0.09
129 12998 53.120801 -27.819049 3.66 0.41±0.09 1.09 (1.094) 11.7+0.0
−0.05
11.61+0.18
−0.0
1.65+0.0
−0.15
132 18912 53.170922 -27.775466 4.23 0.3±0.07 2.36 (−) 11.9+0.02
−0.02
11.09+0.04
−0.02
1.78+0.02
−0.04
148 14419 53.161443 -27.811162 4.23 0.35±0.08 2.77 (−) 12.07+0.0
−0.0
11.36+0.0
−0.0
1.92+0.0
−0.0
159 19453 53.114953 -27.767634 3.65 0.47±0.11 0.64 (0.67) 11.36+0.02
−0.0
11.41+0.0
−0.0
1.07+0.0
−0.03
180 18813 53.151876 -27.775504 4.21 0.31±0.07 1.05 (1.047) 11.54+0.0
−0.0
10.75+0.0
−0.0
1.56+0.0
−0.0
235 18379 53.156533 -27.779731 4.21 0.3±0.07 1.27 (−) 10.51+0.0
−0.29
9.19+0.07
−0.0
0.53+0.0
−0.17
251 13325 53.143052 -27.820783 4.14 0.51±0.13 1.60 (−) 10.0+0.14
−0.17
9.39+0.0
−0.04
0.44+0.08
−0.0
260 16977 53.15376 -27.790687 3.64 0.27±0.07 1.32 (1.318) 11.49+0.0
−0.0
10.23+0.0
−0.0
1.5+0.0
−0.0
322 16952 53.15405 -27.790933 4.10 0.29±0.06 1.88 (−) 11.9+0.0
−0.0 11.12
+0.0
−0.0 1.83
+0.0
−0.0
357 22905 53.119885 -27.743161 4.10 0.46±0.26 3.85 (−) 12.84+0.03
−0.0
11.74+0.13
−0.0
2.76+0.0
−0.01
393 15467 53.178708 -27.802711 4.06 0.27±0.07 2.74 (−) 12.05+0.07
−0.06
11.47+0.03
−0.07
1.79+0.04
−0.1
399 18476 53.145257 -27.777982 3.55 0.29±0.07 1.03 (1.097) 11.52+0.0
−0.08
10.91+0.0
−0.05
1.46+0.0
−0.08
408 21043 53.127397 -27.755151 3.54 0.29±0.08 0.66 (0.681) 11.21+0.08
−0.02
10.96+0.02
−0.08
1.36+0.06
−0.01
570 20880 53.187413 -27.760581 4.02 0.29±0.07 1.77 (−) 10.52+0.6
−0.41
8.71+0.17
−0.08
0.55+0.4
−0.21
577 13876 53.131372 -27.815024 3.54 0.32±0.07 1.70 (−) 11.78+0.0
−0.0
11.21+0.0
−0.0
1.7+0.0
−0.0
584 19133 53.200006 -27.774142 4.01 0.41±0.07 4.36 (−) 12.93+0.05
−0.0
11.51+0.0
−0.06
2.88+0.06
−0.0
613 16449 53.135186 -27.795602 3.97 0.27±0.07 1.89 (−) 10.89+0.37
−0.6
8.84+0.2
−0.08
0.79+0.27
−0.38
Note. — (1) ASAGAO ID. (2) ZFOURGE ID. (3) ASAGAO source center in our ALMA map. (4) ALMA Peak S/N. (5) Spatially
integrated ALMA flux density. (6) Photometric (spectroscopic) redshift in ZFOURGE catalog (Straatman et al. 2016). (7) Stellar mass
obtained by MAGPHYS. (8) IR luminosity obtained by MAGPHYS. (9) UV + IR SFR obtained by MAGPHYS.
† Because the photometric redshift is too large probably due to poor constraints in the SED fitting, we do not use ID103 for our analyses in this
paper.
Herschel/PACS (Poglitsch et al. 2010, 100 and 160 µm),
and Herschel/SPIRE (Griffin et al. 2010, 250, 350, and
500 µm), in addition to the ZFOURGE photometry. We
adopt BC03 templates (Bruzual & Charlot 2003) and as-
sume the Chabrier (2003) initial mass function and the
dust extinction of Charlot & Fall (2000). The redshift is
fixed in the procedure of the SED fitting. In the SPIRE
bands, we use de-blended SPIRE images based on the
24-µm source positions as the priors, where we perform
the de-blending technique in almost the same manner as
Liu et al. (2018). The details of the de-blending pro-
cedure are presented in Wang et al. (in prep.). We
list zspec, zphot, SFR, Mstar, and LIR in Table 1. The
ASAGAO sources are generally placed on the massive-
end of the main sequence of the SFR−Mstar relation with
the 16th−84th percentiles of SFR = 10.0−352 M⊙/yr,
log(Mstar) = 10.2−11.6 M⊙, and log(LIR) = 11.0−12.7
L⊙. The properties of the redshift distribution and
the SFR−Mstar relation are consistent with the previous
ALMA results for the faint SMGs (e.g., Hatsukade et al.
2015; Yamaguchi et al. 2016; Dunlop et al. 2017), which
indicates that the ASAGAO sources represent the gen-
eral population of the faint SMGs.
We also examine the rest-frame optical properties of
nopt, Re,opt, and the morphological classification by uti-
lizing the NIR HST catalogs in GOODS-S. For the val-
ues of nopt and Re,opt, the ASAGAO catalog is cross-
matched within a radius of 0.′′5 with the catalog of
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Figure 1. Left) HR (natural-weighted) 1.′′6×1.′′6 image after the visibility-based stacking for the 33 ASAGAO sources at z = 1−3 (a),
the best-fit Se´rsic profile after beam convolution (b), and the residual image (c). The black contours denote the 4−28σ levels with a 4σ-level
step, while the white contours indicate the −2 and −4σ levels. The synthesized beam (0.′′21× 0.′′17) is presented at the bottom left in each
panel. Right) Radial profile of the surface brightness in the observed frame. The red circles and dashed line are the observed values and
the best-fit Se´rsic profile for the stacked image, where the error-bars are evaluated by the random aperture method. The black dashed and
solid lines denote the best-fit Se´rsic profiles with the fixed values of n = 1 and n = 4, respectively. The magenta curve presents the point
source profile that corresponds to the synthesized beam of the ALMA observation. The gray shade indicates the standard deviation of the
pixel values in the stacked image. The top axis depicts the radius in the kilo-parsec scale for the case that a source resides at z = 2.
Table 2
Additional Source Catalog from Archive
ID R.A. Dec. S/N zphot log(LIR) Ref.
(J2000) (L⊙)
(1) (2) (3) (4) (5) (6)
105 34.568703 -4.919106 15.3 2.30 12.90+0.06
−0.07
1
254 53.203598 -27.52034 19.8 2.72 12.70+0.14
−0.57
2
255 53.389057 -27.99159 26.0 2.67 12.64+0.23
−0.33
2
256 53.030369 -27.85580 43.3 2.12 12.60+0.20
−0.26
2
260 52.937637 -27.57688 26.7 2.33 12.31+0.35
−0.13
2
580 34.418846 -5.219619 28.4 2.87 12.48+0.03
−0.03
1
581 34.421337 -5.220879 16.2 2.90 12.33+0.05
−0.06 1
592 34.422413 -5.181027 21.4 2.72 12.51+0.04
−0.05
1
648 53.118809 -27.78287 49.0 2.31 12.84+0.10
−0.10
3
649 53.020367 -27.77991 21.0 2.01 12.78+0.04
−0.05
3
651 53.137592 -27.70021 16.4 2.45 12.45+0.10
−0.10
3
653 53.148853 -27.82118 39.9 2.58 12.83+0.10
−0.10
3
Note. — (1) ALMA source ID presented in Fujimoto et al.
(2017). (2) ALMA source center. (3) ALMA Peak S/N. (4) Pho-
tometric redshift. (5) IR luminosity. (6) Reference of the LIR
measurement ([1]: Fujimoto et al. 2017; [2] da Cunha et al. 2015;
[3] Barro et al. 2016).
van der Wel et al. (2014) that estimate n and Re from
the deep HST J- andH-band images forH-band selected
sources down to H . 24.5. Here we take the nopt and
Re,opt values from the J-band (H-band) results for the
ASAGAO sources at z = 0.5−1.5 (1.5−3.5). We identify
21 out of 42 ASAGAO sources whose nopt and Re,opt
are reliably (flag = 0) measured in van der Wel et al.
(2014). We obtain median values of nopt = 1.5 ± 0.01
and Re,opt = 3.6± 0.1 kpc. For the morphological classi-
fication, we carry out the same cross-matching procedure
with the NIR catalog of Kartaltepe et al. (2015) that
complete the visual classification over 50,000 HST/H-
band selected sources (H < 24.5). The classification is
primarily performed with the HST/H-band, but the J-
band image along with V - and I-band ACS images are
also used to help the classification. There are five mor-
phology classes of disk, spheroid, irregular, compact, and
unclassifiable, and three additional interaction classes of
merger, interaction, and non-interaction that are deter-
mined by checking close pairs and tidal features. We
identify 29 out of the 42 ASAGAO sources in the catalog
of Kartaltepe et al. (2015) with the radius of 0.′′5 in the
cross-matching. A larger search radius of 2.′′5 provides us
additional one ASAGAO source in the cross-matching,
which we include in the following analysis not to miss
major merger pairs. The radius of 2.′′5 corresponds to
∼20 kpc at z = 2.5 that is used in Le Fe`vre et al.
(2000) to search major merger systems. The majority
of the ASAGAO sources are classified as the disk galax-
ies, which is consistent with the median nopt = 1.5±0.01.
We examine the LIR dependence of nopt, Re,opt, and the
morphological classification in Section 4. Note that these
rest-frame optical properties for the ASGAO sources are
limited by the H-band magnitude down to ∼ 24.5. How-
ever, 34 out of 42 ASAGAO sources have the H-band
magnitudes over 24.5, indicating that we obtain the gen-
eral rest-frame optical property from the majority of the
ASAGAO sources.
3.4. Visibility-based Stacking
We perform the stacking analysis with stacker
(Lindroos et al. 2015) which is a stacking tool on the
uv-visibility plane for interferometric data. To remove
potential effects from the different redshifts such as the
redshift evolution of Re,FIR (Fujimoto et al. 2017) and
a slight difference in the rest-frame FIR wavelengths,
we use only 33 ASAGAO sources that are located at
z = 1 − 3 for the stacking. The 33 ASAGAO sources
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Figure 2. MC simulation results of the relationship between
input and output of Se´rsic index n (top) and effective radius Re
(bottom). The black dots denote 1,000 model sources. In the MC
simulation for the n (Re) measurement, the input Re (n) values
are fixed at Re = 0.′′15 (n = 1.0). The axis-ratio is also fixed at
0.75. The red circles and the error-bars present the median and
the 16-84th percentiles of the bins.
span an LIR range of ∼ 1010 − 1013L⊙ with a median
value of 1011.98L⊙. The center position for the stack-
ing is adjusted to the ASAGAO peak positions that are
measured at 1.2-mm wavelength with ALMA Band 6 in
Section 3.2.
Figure 1 shows the HR map after the visibility-based
stacking for the 33 ASAGAO sources, where the rms
noise achieves 8.1 µJy/beam. The peak flux density of
the stacked source shows a 29σ significance level that
meets the S/N requirement to obtain the reliable fitting
results with the Se´rsic profile (e.g., van der Wel et al.
2012; Ono et al. 2013).
3.5. nFIR and Re,FIR Measurements
We measure nFIR and Re,FIR for the stacked source
with galfit (Peng et al. 2010) which is a profile fitting
tool on the image plane. We perform the galfit task
for the 1.′′6 × 1.′′6 HR map of the stacked source with
the 1.′′6× 1.′′6 synthesized beam image as a point-spread
function (PSF). We adopt n = 1, Re = 0.
′′2, total flux
density of 1.0 mJy, axis ratio of 1.0, and position an-
gle of 0 deg as initial parameters, where the sky value is
fixed at 0. The source center is fixed at the image center.
We obtain the best-fit results of nFIR = 0.96± 0.10 and
Re,FIR = 0.
′′11± 0.′′02, where the errors are evaluated by
the bootstrap method. To compare the size measure-
ment on the uv-visibility plane, we also use uvmultifit
(Mart´ı-Vidal et al. 2014) that is a profile fitting tool on
the uv-visibility plane. Because one cannot vary the nFIR
value in uvmultifit, here we measure the Re,FIR value
with a fixed value of nFIR = 1. The best-fit Re,FIR is
estimated to be 0.′′10 ± 0.′′03 that is consistent with the
galfit result within the error.
The left panel of Figure 1 presents the best-fit Se´rsic
profiles and the residual images for the stacked source.
The right panel of Figure 1 shows the radial profile of the
surface brightness of the stacked source with three Se´rsic
profiles of our best-fit, nFIR = 1 (fixed), and nFIR =
4 (fixed), which demonstrates that the best-fit result is
nFIR ∼ 1 instead of nFIR ∼ 4.
Note that with the present results one cannot con-
clude whether nFIR ∼ 1 or nFIR ∼ 4 is preferable in
the range of radius r > 0.′′4 (∼3.4 kpc at z = 2). How-
ever, it is reasonable to assume that the best-fit result at
r ≤ 0.′′4 represent the major part of the stacked source,
because the previous studies report that the SMGs have
the rest-frame optical effective radius Re,opt of ∼3−4
kpc (e.g., Targett et al. 2011, 2013; Chen et al. 2015;
Fujimoto et al. 2017). It should be also noted that we
find that there is a slight offset between the stacked and
the best-fit profiles near the center (r . 0.′′1). In Sec-
tion 5.1, we discuss possible origins of this central offset,
while we mainly focus on the best-fit nFIR ∼ 1 profile at
r ∼ 0.′′1−0.′′4 representing the major part of the stacked
source profile in this paper.
Since we find that there potentially exists a positional
uncertainty of ∼ 0.′′06 for the ASAGAO sources in Sec-
tion 3.2, we carry out MC simulations to evaluate how
significantly the positional uncertainty affects the n and
Re measurements through the stacking process. In the
MC simulations, first we create 33 model sources that
have the same Se´rsic profile with a fixed axis ratio of
0.75. We then inject the 33 model sources with random
angles and offsets to a two-dimensional plane whose box
and grid sizes are the same as the ALMA image used in
our nFIR and Re,FIR measurements. The offsets of these
model sources follow the Gaussian distribution whose av-
erage and standard deviation are 0.′′06 and 0.′′01, respec-
tively. We calculate the average radial profile from the
33 model sources after the random injections. Finally,
we estimate the best-fit Se´rsic profile to obtain n and Re
by the minimum chi-square method for the average ra-
dial profile. We repeat this process 2,000 times, changing
the Se´rsic profile of the model sources in the ranges of
n = 0.5− 4.0 and Re = 0.′′04− 0.′′4.
Figure 2 shows the MC simulation results of the input
and output for n and Re. We find that the output n
values are systematically underestimated if the input n
values are larger than ∼ 0.6. This is because peaky radial
profiles with large n values are significantly smoothed by
the positional uncertainty through the stacking process
(cf. Paulino-Afonso et al. 2018). We also find that the
output Re is deviated from the input Re, which is also
caused by the smoothing effect. If the input Re is rel-
atively smaller than the positional uncertainty of 0.′′06,
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Figure 3. Rest-frame FIR properties of nFIR (left) and Re,FIR (right) as a function of LIR. The red filled circle is obtained from
the visibility-based stacking for the 33 ASAGAO sources at z = 1−3. The LIR error-bar represents the 16th−84th percentiles of the LIR
distribution for the ASAGAO sources, while the nFIR and Re,FIR error-bars are evaluated by the bootstrap method and the MC simulations.
The red open squares present the additional sample of the 12 individual bright ALMA sources at z = 1−3. The red filled square indicates
the median value of the 12 individual ALMA sources, where the error-bars denote the16th−84th percentiles of the distribution. The black
open triangles and squares are the previous ALMA results of Hodge et al. (2016) and Fujimoto et al. (2017), respectively. In the right
panel, the black open squares are estimated by fixing nFIR = 1 that we do not present in the left panel. The red shaded regions are the
best-estimates of the constant nFIR (left) and the Re,FIR−LIR relation (right). The constant nFIR is estimated from the stacked ASAGAO
and the median value of the 12 individual ALMA sources, while the best-fit Re,FIR−LIR relation is obtained from Fujimoto et al. (2017).
the smoothed profile makes the output Re larger than
the input Re. On the other hand, if the input Re is
relatively large, the smoothed profile with small n is dif-
ficult to fit the outskirts, which makes the output Re
slightly smaller than the input Re. From the MC sim-
ulation results, we apply the corrections to our best-fit
results of nFIR and Re,FIR, and obtain n = 1.2 ± 0.2
and Re,FIR = 0.
′′12 ± 0.′′03. With the median redshift of
z = 2.00 for the ASAGAO sources used in the stacking,
Re,FIR is estimated to be 1.0±0.2 kpc.
3.6. Additional Sample from Archive
To cover a wide range of LIR, we compile an addi-
tional sample of bright SMGs from the ALMA archive.
We use the ALMA source catalog of Fujimoto et al.
(2017), where 1034 ALMA sources (S/N≥5) are iden-
tified in ALMA Band 6/7 maps from the ALMA archive.
We select 12 individual ALMA sources detected with
S/N > 15 in the natural-weighted ALMA maps with
synthesized beam size of < 0.′′3 that have optical-NIR
counterparts at z =1−3. In the additional sample, we
adopt the LIR values estimated in the previous ALMA
studies that carry out the SED fitting with optical-FIR
bands (e.g., da Cunha et al. 2015). Otherwise, we cal-
culate LIR in the same manner as Fujimoto et al. (2017)
based on an assumption of the modified blackbody with
the dust temperature of Td = 35 K (e.g., Kova´cs et al.
2006; Coppin et al. 2008) and the spectral index of β =
1.8 (e.g., Chapin et al. 2009; Planck Collaboration et al.
2011). The additional sample falls in the LIR range of
1012.3−1012.9 L⊙. We summarize the properties of the
additional sample in Table 2.
Because the ALMA sources in the additional sample
are detected with high S/N levels (S/N > 15), we do not
perform the stacking for the additional sample. The nFIR
andRe,FIR values are individually estimated with galfit
in the same manner as the stacked source, where we do
not apply the correction due to the stacking described in
Section 3.5. The median values of nFIR and Re,FIR are
estimated to be nFIR = 1.1± 0.3 and Re,FIR = 1.3± 0.8
kpc, respectively.
4. RESULTS
4.1. FIR Size and Morphology
Figure 3 shows our stacking results of nFIR and Re,FIR
for the ASAGAO as a function of LIR. To test the LIR
dependence of nFIR and Re,FIR, Figure 3 also shows the
additional sample of the 12 individual ALMA sources at
z = 1−3. For comparison, we also show previous ALMA
results from follow-up ALMA high-resolution 870-µm ob-
servations for the bright SMGs identified in An ALMA
Survey of Submillimeter Galaxies in the Extended Chan-
dra Deep Field South (ALESS; Hodge et al. 2016).
In the left panel of Figure 3, our stacking result ex-
plores the nFIR measurement down to LIR ∼ 1011L⊙. We
find that our nFIR measurements of both stacking and
individual results fall in the nFIR range in the ALESS
results of Hodge et al. (2016) that derived a median
nFIR = 0.9±0.2. The median nFIR value for the individ-
ual ALMA sources is nFIR = 1.1± 0.3, which is consis-
tent with the stacking result from the ASAGAO sources
of nFIR = 1.2 ± 0.2, suggesting that the dusty star-
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Figure 4. Rest-frame optical properties of nopt (left) and Re,opt (right) as a function of LIR. The blue open circles are the ASAGAO
sources at z = 1− 3 whose nopt and Re,opt values are reliably (flag = 0) measured in van der Wel et al. (2014). The blue filled circles are
the median values of the ASAGAO sources. The black open squares show the previous ALMA results of Chen et al. (2015) for the bright
SMGs identified in the ALESS survey. The black filled squares are the median values of the ALESS results. The error-bars of the blue filled
circles and black squares denote the16th−84th percentiles of the distribution. The blue shaded regions are our best-estimates of constant
nopt (left) and Re,opt (right) that are derived from the ASAGAO and ALESS sources. The red shaded regions are the same assignment as
in Figure 3. The blue and black histograms on the right-side of both panels denote the ASAGAO and ALESS sources, respectively. The
blue and black arrows present the median values of the ASAGAO and ALESS sources.
forming galaxies generally have exponential-disk profiles
with nFIR ∼ 1 without a significant dependence on LIR.
Fitting a constant value, we obtain the best-fit nFIR value
of 1.2± 0.2.
In the right panel of Figure 3, we find that the our
Re,FIR measurements of both stacking and individual re-
sults are consistent with the previous ALMA results of
Fujimoto et al. (2017) that systematically carry out the
Re,FIR measurements for the 1034 ALMA sources with
a fixed exponential-disk profile of nFIR = 1. The me-
dian Re,FIR value in the individual results is Re,FIR =
1.3± 0.8 kpc. Although this median value is consis-
tent with the stacking result of Re,FIR = 1.0 ± 0.2 kpc
within the 1σ error, this may indicate a trend of a pos-
itive correlation between Re,FIR and LIR. In fact, our
Re,FIR measurements show a good agreement with the
FIR size−luminosity relation of Re,FIR ∝ L0.28±0.07IR that
is derived in Fujimoto et al. (2017). Note that we do
not estimate the power-law slope value from our Re,FIR
measurements. This is because it is required to address
the selection incompleteness (e.g., Fujimoto et al. 2017;
Kawamata et al. 2018) to evaluate the power-law slope
value properly, which is beyond the scope of this paper.
4.2. Optical Size and Morphology
We also examine the LIR dependence of nopt and
Re,opt. Figure 4 presents the nopt and Re,opt values
for the ASAGAO sources at z = 1−3 as a function of
LIR. For comparison, we also show previous results based
on follow-up HST/H-band observations for the ALESS
sources (Chen et al. 2015). In each panel of Figure 4,
the distributions of the ASAGAO and ALESS sources
are shown in the histograms presented in the right side.
In the histograms of Figure 4, we find that the
ASAGAO sources have the similar histograms to the
ALESS sources both in nopt and Re,opt. The Kolmogrov-
Smirnov test (KS test) is used to examine whether the
histograms of nopt and Re,opt are different statistically.
The KS test result shows that neither of nopt and Re,opt
can rule out the possibility that the histograms are orig-
inated from the same parent sample. We also perform
the Spearman’s rank test for the nopt and Re,opt distri-
butions from our ASAGAO and the ALESS sources. The
Spearman’s rank test results show that nopt and Re,opt
have the correlation with LIR at the ∼ 2σ and ∼ 0σ
levels, respectively. The KS and Spearman’s rank test
results support that neither of nopt and Re,opt depend
significantly on LIR. Although nopt may have a week
anti-correlation with LIR, the statistical significance level
is poor with the large scatter in the present result. We
thus fit constant values to both nopt and Re,opt of the
ASAGAO and the ALESS sources, and obtain the best-
fit values of nopt = 0.9± 0.3 and Re,opt = 3.2± 0.6 kpc.
4.3. Comparison between FIR and Optical
We compare our best-estimates of n and Re in the rest-
frame FIR and optical wavelength. Figure 4 presents
our best-estimates of n and Re in the rest-frame FIR
and optical wavelengths with the red and blue shaded
regions, respectively.
In the left panel of Figure 4, we find that the n value
hardly changes between the rest-frame FIR and optical
wavelengths with nFIR ∼ nopt ∼ 1. On the other hand,
in the right panel of Figure 4, we find that Re,FIR is gen-
erally smaller than Re,opt, which is consistent with pre-
vious ALMA results that shows that dusty star forma-
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Figure 5. Histograms of the rest-frame optical morphology with
the deep HST/H-band images for the ALMA sources at z = 1− 3.
The morphological classification contains six classes: spheroid
(sph.), disk, irregular (irr.), point source (ps.), merger (mer.), and
interacting (int.) as in Kartaltepe et al. (2015). The magenta and
red histograms indicate the high-z ULIRG (LIR > 10
12 L⊙) and
LIRG (LIR ≤ 10
12 L⊙) samples, respectively. The error-bars de-
note the Poisson uncertainty presented in Gehrels (1986). The
number of galaxies in the ULIRG and LIRG samples are 23 and
19, respectively. The gray histogram is obtained from the entire
sample of the >50,000 optically-selected galaxies (H < 24.5) in
the morphology catalog of Kartaltepe et al. (2015). Note that the
sum of the percentages exceeds 100% because the morphological
classifications are not mutually exclusive. The magenta histogram
is slightly shifted along the x-axis for clarity.
tion takes place in a compact region (e.g., Simpson et al.
2015; Barro et al. 2016; Hodge et al. 2016; Tadaki et al.
2017a; Fujimoto et al. 2017).
Note that our results of nFIR ∼ 1 and small Re,FIR
is not the direct evidence of the existence of a com-
pact dusty disk with dynamical rotations. However, it
is reported that local disk galaxies have inner disk-like
structures such as bars, oval disk, and spirals that play
an important role to build up the central bulge (e.g.,
Kormendy & Kennicutt 2004). This implies that the
compact dusty star formation may also contribute to the
central bulge formation with the inner disk-like struc-
tures. In fact, some local galaxy studies show that there
are compact dusty disk structures in the stellar disk
(e.g., Leeuw et al. 2007; Holwerda et al. 2012). In dis-
tant galaxies at z = 2.5, Tadaki et al. (2017b) also report
molecular gas sizes more compact than the rest-frame op-
tical sizes from two massive star-forming galaxies which
contain compact dusty star-forming regions. These re-
sults may suggest that dusty star formation occurs in a
compact dusty disk embedded in a larger stellar disk.
4.4. Morphological Classification
We also check the LIR dependence of the morphological
classification in the rest-frame optical wavelength for the
ALMA sources at z = 1− 3. To obtain statistically reli-
able results, we also use the ALMA sources identified in
previous ALMA studies in GOODS-S (Hodge et al. 2013;
Dunlop et al. 2017), and perform the same procedure of
the morphological classification as described in Section
3.3. The whole ALMA sample combining the ASAGAO
and the previous ALMA sources span the LIR range of
∼ 1011−1013 L⊙, where we divide the whole sample into
two sub-samples: the high-z ULIRG (LIR > 10
12L⊙) and
LIRG (LIR ≤ 1012L⊙) samples.
Figure 5 presents the histograms of the morphologi-
cal classification in the rest-frame optical wavelength for
the (U)LIRG samples. For comparison, we also show
the histogram obtained from the entire sample of the
optically-selected galaxies in Kartaltepe et al. (2015).
In Figure 5, we find that the LIRG sample contains
more disk galaxies and less irregular/merging galaxies
than the ULIRG sample. The less irregular/merging
galaxies in the LIRG sample indicates that on-going
merger processes are not the dominant trigger of the
dusty star formation in the LIRG sample. In fact, the
fraction of disk galaxies in the LIRG sample is compa-
rable to that of the entire sample of optically-selected
galaxies. These results imply that dusty star formation
in the high-z LIRG sample take place under a secular
star-formation mode in the regular disk galaxies. On the
other hand, the ULIRG sample has significantly larger
fractions of the irregular and merging galaxies than the
other samples. This indicates that the on-going merger
process is important in the origin of the dusty star for-
mation in the ULIRG sample. Nonetheless, the fraction
of disk galaxies is the largest even in the ULIRG sam-
ple, implying that the dusty star formation in the high-z
ULIRGs are triggered also by other mechanisms than the
on-going merger process. Note that the rest-frame opti-
cal morphology classification is limited by the spatial res-
olution of HST/H-band (∼ 0.′′18). For both LIRG and
ULIRG samples, we cannot rule out the possibility that
some of the disk galaxies are the mergers, where merger
pairs are already coalesced and difficult to be resolved.
5. DISCUSSION
5.1. Compact Dusty Bulge vs AGN
In this section, we discuss the physical origins of the
compact component identified at the stacked source cen-
ter. In the right panel of Figure 1, we find that there is
a slight offset between the stacked and the best-fit pro-
files near the center (radius . 0.′′1). The offset is likely
to follow the synthesized beam profile, which indicates
that this central offset is originated from a very compact
component at the center. In fact, Hodge et al. (2016)
also show that some of the bright SMGs have the radial
profile that agrees with a Gaussian + point source (PS)
profile in the high-resolution ALMA maps.
There are two possible origins of the central compact
component. One possibility is a compact dusty bulge
with the nFIR ∼ 4 profile which may be related to the
bulge formation in the galaxy center. The other possi-
bility is an AGN. Recent ALMA studies show a radius of
∼150-pc scale dust-continuum emission from AGN and
surrounding regions in the local galaxies (e.g. Izumi et al.
2015). In our ALMA HR map, the radius of the synthe-
sized beam (circularized ∼ 0.′′10) corresponds to ∼ 800
pc at z = 2. The central AGN is thus not resolved in our
ALMA HR map, and observed as a PS profile.
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To examine which origin is favored to explain the cen-
tral compact component, we conduct a two-component
fitting with galfit for the 1.′′6 × 1.′′6 HR map of the
stacked source. Here we assume two different profiles of
bulge+disk and PS+disk. In both cases, the initial pa-
rameters for the disk component are the best-fit values
derived by the single Se´rsic profile fitting in Section 3.5,
where Re of the disk component is fixed to obtain stable
results. The central position of each component is also
fixed at the image center.
In the best-fit results, we find that the minimum chi-
square values in the two different profiles are almost the
same. However, the best-fit result with the bulge+disk
profile shows that Re of the bulge component reaches
the minimum value in the fitting range of 0.′′0001. This
indicates that the best-fit bulge+disk profile equals to
the PS+disk profile. From the best-fit result with the
PS+disk profile, we obtain the PS component contribu-
tion to the total flux density as 1.5±0.5%. Interestingly,
a contribution of the AGN to the total flux density is esti-
mated to be ∼ 0.5% at the ∼1-mm flux density by fitting
the composite star-forming + AGN template for the 16
ALMA sources in Dunlop et al. (2017), which shows a
good agreement with the value of 1.5± 0.5% within sev-
eral factors. Moreover, Ueda et al. (2018) report a high
fraction (∼70%) of ALMA mm-selected galaxies as X-
ray AGNs in the LIR range of 10
11.5−1012.8L⊙. These
results may indicate that the compact component is orig-
inated from the central AGN. Note that one cannot rule
out a possibility that there is a PS-like very compact
dusty bulge at the center, which may be resolved in the
future deep ALMA observations with higher angular res-
olutions.
5.2. Evolutions of Size and Morphology
In this section, we discuss the evolutionary sequence
from the high-z dusty star-forming galaxies to the com-
pact quiescent galaxies based on the evolution of the
galaxy size and morphology in the rest-frame optical
wavelength. It has been suggested that there exists an
evolutionary connection from high-z dusty star-forming
galaxies into local elliptical galaxies via the compact qui-
escent galaxy (cQG) phase at redshift z ∼ 1−2 (e.g.,
Lilly et al. 1999; Genzel et al. 2003; Tacconi et al. 2008;
Hickox et al. 2012; Toft et al. 2014; Chen et al. 2015;
Simpson et al. 2015; Ikarashi et al. 2015; Hodge et al.
2016; Barro et al. 2016; Fujimoto et al. 2017). In the
rest-frame optical wavelength, the dusty star-forming
galaxies have the exponential-disk profile of nopt ∼ 1
with Re,opt ∼ 3 kpc (Section 4.2), while the cQGs gener-
ally have the spheroidal profile of nopt ∼ 4 with Re,opt .
1 kpc (e.g., van Dokkum et al. 2008; van der Wel et al.
2014; Shibuya et al. 2015). To confirm the evolutionary
connection from the high-z dusty star-forming galaxies
to the cQGs, it is required to explain the decreasing and
increasing trends of Re,opt and nopt, respectively, at the
same time.
For the evolutionary mechanisms, there have been
several arguments in the literature, such as mergers
of gas-rich galaxies (e.g., Tacconi et al. 2008), inside-
out growth of compact progenitors (e.g., Nelson et al.
2014; Wellons et al. 2015), and “compaction” of the
gas in star-forming galaxies due to disk instabilities
(Dekel & Mandelker 2014). Here we alternatively inves-
tigate the evolutionary mechanisms by evaluating the
contribution of the pure star-forming activity in the
dusty star-forming galaxies to the Re,opt and nopt evo-
lutions. Note that intense star-formation in the dusty
starbursts galaxies is known to have high SFRs even
up to the order of ∼1000 M⊙/yr, but have short de-
pletion times of ∼100−200 Myr (e.g., Carilli & Walter
2013). On the other hand, a secure star-formation
in normal star-forming galaxies has a longer deple-
tion time of ∼1 Gyr than the intense star-formation
(e.g., Tacconi et al. 2010). This may indicate that the
secular star-formation contributes to the majority of
the stars instead of the intense star-formation (e.g.,
Elbaz et al. 2011; Rujopakarn et al. 2011; Wuyts et al.
2011; Schreiber et al. 2016). We thus examine the Re,opt
and nopt evolutions for not only the high-z ULIRGs
(LIR > 10
12L⊙), but also LIRGs (LIR = 10
11−1012L⊙)
that are regarded as the galaxies under the intense and
the secular star-formation modes, respectively.
To obtain the general physical properties for the high-
z (U)LIRGs, we divide the 33 ASAGAO sources at
z = 1 − 3 into two LIR samples of LIR ≤ 1012 and
> 1012L⊙ that we assume as the representative sam-
ples of the high-z LIRGs and ULIRGs, respectively. For
the general physical property in the rest-frame FIR and
optical wavelengths, we evaluate the average LIR and
Mstar individually for the high-z LIRG and ULIRG sam-
ples. Based on the average LIR, we evaluate the average
Se´rsic profiles in the rest-frame FIR and optical wave-
lengths from our best-fit results as a function of LIR de-
rived in Section 4. For the general physical property in
the rest-frame UV wavelength, we carry out the image-
based stacking for the 33 ASAGAO sources, utilizing the
deep HST/F606W image in GOODS-S. Here the source
centers for the stacking are adjusted to the ASAGAO
source centers that are measured in ALMA Band 6, be-
cause the rest-frame FIR emission represents the massive
galaxy centers rather than the rest-frame UV emission
(e.g., Barro et al. 2016; Tadaki et al. 2017a). From the
best-fit Se´rsic profile for the stacked HST/F606W image
with galfit, we obtain the average values of rest-frame
UV Se´rsic index nUV, effective radius Re,UV, and the
un-obscured UV luminosity (LUV). We also calculate
the obscured (SFRIR) and un-obscured SFR (SFRUV)
from the average LIR and LUV with the equation in
Straatman et al. (2016) of
SFRIR=1.09× 10−10LIR(L⊙), (2)
SFRUV=2.4× 10−10LUV(L⊙). (3)
The left panel of Figure 6 shows radial surface density
profiles ofMstar (ΣMstar), SFRIR (ΣSFRIR), and SFRUV
(ΣSFRUV) for the high-z LIRGs. Here we derive the ra-
dial profile of ΣMstar from the rest-frame optical Se´rsic
profile with HST/H-band in Section 4.2, assuming that
the source centers are the same in the rest-frame optical
and FIR wavelengths. The radial surface density pro-
file of the total SFR (ΣSFRUV+FIR) is also presented by
combining ΣSFRUV and ΣSFRIR. In the radial surface
density profiles, we find that ΣSFRIR dominates over
ΣSFRUV in the central star-forming region both for the
high-z LRIGs and ULIRGs.
Assuming a constant SFR during a time scale ∆t
and no radial motions of the stars, we derive the
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Figure 6. Left) Radial surface density profile of SFR and Mstar for the high-z LIRGs. The red and blue dashed lines represent the
radial profile of ΣSFRIR from our best estimates in the rest-frame FIR wavelength (Section 4.1) and ΣSFRUV from the stacking result with
the deep HST/F606W image (see text), respectively. The black line indicates ΣSFRUV+FIR that is obtained by combining the red and
blue dashed lines. The black shade denotes ΣMstar estimated from our best estimates in the rest-frame optical wavelength (Section 4.2).
Middle) Re,opt evolution of the high-z (U)LIRGs. The red and magenta filled squares show the Re,opt evolutions of high-z ULIRG and
LIRGs from z = 2 to z = 1.5 under the constant star-formation. The red and magenta open squares present the same Re,opt evolutions,
but under the constant star-formation until the depletion time scales. The red and magenta lines indicate the evolutional tracks of ULIRG
and LIRG, respectively. The blue and black shaded regions are 16th-84th percentiles of z = 1.5−3.0 star-forming (SFGs) and z = 0.5−2
quiescent galaxies (QGs) obtained from Shibuya et al. (2015). Right) ne(opt.) evolution of high-z (U)LIRGs. The symbols and color
assignments are the same as in the middle panel.
Re,opt and nopt evolutions for the high-z ULRGs and
LIRGs that are estimated from the sum of the ΣMstar
and ΣSFRUV+FIR×∆t. Here we adopt two differ-
ent time scales. First is the depletion time, where
we obtain the gas mass (Mgas) from the gas fraction
(fgas) as a function of Mstar (e.g., Tacconi et al. 2013;
Dessauges-Zavadsky et al. 2015). The depletion times
are estimated to be ∼ 640 and 210 Myr for the high-z
LIRGs and ULIRGs, respectively. Second is the cosmic
time of ∼ 1.0 Gyr from z = 2 to 1.5, where we assume
a case that the star-formation continues in a longer time
than the depletion time due to the gas supply from in-
flows. In fact, the recent bathtub model results show
that fgas does not significantly change down to z ∼ 1
in the balance of the gas inflow/outflow and the gas con-
sumption by the star-formation (e.g., Dekel & Mandelker
2014).
The middle and right panels of Figure 6 show the re-
sults of the Re,opt and nopt evolutions for the high-z
ULIRGs and LIRGs in our model. For comparison, the
distributions of z ∼ 2 − 3 star-forming and z ∼ 1−2
quiescent galaxies are also presented with the blue and
black shaded regions, respectively. In the middle panel
of Figure 6, we find that the decreasing trend of Re,opt is
reproduced well both for the high-z ULIRGs and LIRGs.
On the other hand, we find that the increasing trend of
nopt is not reproduced. Because our model assumes no
radial motions of the stars, this result implies that other
mechanisms are required to form the spheroidal profile
of nopt ∼ 4 such as dynamical dissipation from the star-
forming to quiescent galaxies. In fact, a recent spectro-
scopic study has discovered a cQG at z = 2.1478 that
turns out to be a fast-spinning, rotationally supported
galaxy with nopt = 1.01
+0.12
−0.06 (Toft et al. 2017). Unless
the angular momentum in a post star-forming galaxy is
lost by any dynamical dissipating events, it is reasonable
that the stellar distribution maintains the exponential-
disk profile of nopt ∼ 1. Our model and the recent obser-
vational results suggest another step for the star-forming
galaxies to form the spheroidal stellar distribution af-
ter quenching. Note that the initial Mstar values of the
high-z (U)LIRGs in our model are relatively massive,
compared with the main-sequence of the star-forming
galaxies at z ∼ 2. It may indicate that less massive,
normal/dusty star-forming galaxies at higher redhshifts
are more related to the origin of the cQGs rather than
z ∼2 dusty star-forming galaxies. To fully understand
the origin of the cQGs, it is also required to examine
the evolutions of size and morphology from the normal
and dusty star-forming galaxies at higher redshifts in the
future deep observations.
6. SUMMARY
In this paper, we study the Se´rsic index n and the ef-
fective radius Re in the rest-frame FIR wavelength, nFIR
and Re,FIR, via the visibility-based stacking method for
the ALMA sources identified in the ASAGAO survey.
The high-resolution (∼ 0.′′19) ALMA 1.2-mm imaging
of our ASAGAO survey covers the 26 arcmin2 area in
GOODS-S imaged with WFC3/IR on HST, which also
enables us to obtain n and Re in the rest-frame opti-
cal wavelength, nopt and Re,opt. In conjunction with the
individual ALMA sources from the archive and previ-
ous ALMA results, we examine the LIR dependence of
the morphology of the dusty star-forming galaxies in the
rest-frame FIR and optical wavelengths in the wide LIR
range of ∼ 1011 − 1013L⊙. We then discuss the evolu-
tionary connections from the high-z dusty star-forming
galaxies to the compact quiescent galaxies. The major
findings of this paper are summarized below.
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1. The visibility-based stacking of the 33 ASAGAO
sources at z = 1 − 3 produces a 29σ level detec-
tion which enables us to have a reliable Se´rsic pro-
file fit. Evaluating the positional uncertainty and
the smoothing effect by realistic Monte-Carlo sim-
ulations, we obtain the best-estimates of nFIR =
1.2± 0.2 and Re,FIR = 1.0± 0.2 kpc.
2. With individual measurements of 12 ALMA
sources from the archive, we evaluate the LIR de-
pendence of nFIR and Re,FIR in the LIR range of
∼ 1011 − 1013L⊙. We find that the nFIR mea-
surements hardly change as a function of LIR with
nFIR = 1.2 ± 0.2. On the other hand, the Re,FIR
measurements shows a good agreement with the
positive power-law correlation betweenRe,FIR−LIR
identified in previous ALMA studies.
3. The distributions of nopt and Re,opt show no sig-
nificant difference between our ASAGAO sources
and the bright SMGs identified in the ALESS sur-
vey. The statistical test results suggest that neither
nopt and Re,opt depend strongly on LIR. We obtain
the best-estimates of nopt = 0.9± 0.3 and Re,opt =
3.2± 0.6 kpc in the LIR range of ∼ 1011− 1013L⊙.
4. Comparing our rest-frame FIR and optical results,
we find that n takes the common value of ∼ 1 both
in the rest-frame FIR and optical wavelengths. We
also find that Re,FIR < Re,opt, which is consistent
with the previous ALMA studies. These results in-
dicate that the dusty star formation takes place in
a compact disk-like structure which is embedded
in a larger stellar disk.
5. The detail morphological study in the rest-frame
optical wavelength for the z ∼ 1−3 ALMA sources
suggests that on-going merger processes are likely
important in high-z ULIRGs, but not in LIRGs.
However, the fraction of disk galaxies is the largest
even in the high-z ULIRGs, implying that the dusty
star formation is triggered not only by the on-going
merger process even in the ULIRGs at z = 1−3.
6. In the HR map of the stacked ASAGAO source, we
find that there is a compact component at the cen-
ter. The two-component fitting results show that
the stacked profile is explained by a point source
(PS)+disk profile rather than a bulge+disk profile.
The PS component is likely to be originated by the
central AGN, while one cannot rule out a possibil-
ity that there is a PS-like very compact dusty bulge
at the center.
7. The best-fit Se´rsic profiles in the rest-frame
FIR+UV and optical provides us the radial sur-
face density profile of SFRUV+FIR and Mstar, re-
spectively. Assuming the constant star-formation,
our simple model reproduces the decreasing trend
of Re,opt from z ∼ 2 dusty star-forming galaxies to
z ∼ 1−2 compact quiescent galaxies. However, the
increasing trend of nopt is not reproduced, where
other mechanism(s) are required such as kinematic
dissipation.
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